In this work, we investigated a large-scale organization of the human genes with respect to putative replication origins. We developed an appropriate multiscale method to analyze the nucleotide compositional skew along the genome and found that in more than one-quarter of the genome, the skew profile presents characteristic patterns consisting of successions of N-shaped structures, designated here N-domains, bordered by putative replication origins. Our analysis of recent experimental timing data confirmed that, in a number of cases, domain borders coincide with replication initiation zones active in the early S phase, whereas the central regions replicate in the late S phase. Around the putative origins, genes are abundant and broadly expressed, and their transcription is co-oriented with replication fork progression. These features weaken progressively with the distance from putative replication origins. At the center of domains, genes are rare and expressed in few tissues. We propose that this specific organization could result from the constraints of accommodating the replication and transcription initiation processes at chromatin level, and reducing head-on collisions between the two machineries. Our findings provide a new model of gene organization in the human genome, which integrates transcription, replication, and chromatin structure as coordinated determinants of genome architecture.
It has long been known that genes are nonrandomly distributed in eukaryote genomes (gene-dense regions alternating with gene deserts) (Mouchiroud et al. 1991; Zoubak et al. 1996) . Over the past few years, complete genome sequences have confirmed this striking nonrandomness in several species (Lander et al. 2001; Hurst et al. 2004 ). In the human genome, statistical studies have shown that highly expressed genes have a tendency to form clusters (Caron et al. 2001; Versteeg et al. 2003) . However, it has also been reported that these clusters, in fact, result from the clustering of genes coexpressed in a large number of tissues (housekeeping genes); although individual expression rates may vary from tissue to tissue, the overall expression pattern remains similar (Lercher et al. 2002) . Several hypotheses have been advanced to explain the formation and/or maintenance of this organization. On the one hand, short-range regulatory mechanisms can be responsible for small clusters of coexpressed genes. A gene might be turned on solely because of its proximity to signals regulating neighboring genes (Cajiao et al. 2004 ). On the other hand, longrange mechanisms could maintain large-size clusters of coexpressed genes, and it has often been argued that the chromatin structure could play such a role. When chromatin is in open conformation during gene transcription, this conformation can extend to neighboring genes. The presence in a region of a high proportion of genes active in most tissues would keep chromatin in an open structure in most cell types, thus leading to the observed coexpressed gene clusters (Spellman and Rubin 2002; Gilbert et al. 2004; Hurst et al. 2004; Sproul et al. 2005) . Comparative analysis of clusters of coexpressed genes in human and mouse indicate that they are found together in both species more often than expected by chance, suggesting that clustering could result from natural selection (Singer et al. 2005) . This process could contribute to a high degree of organization of human chromosomes. However, these observations were challenged by a recent study showing that most clusters of coexpressed genes seem to contain only two to three genes, the number of clusters only slightly exceeding the number expected by chance, which limits their impact on global genome organization (Sémon and Duret 2006) . Moreover, these clusters seem to be held together by short-range effects resulting from promoters sharing common regulatory elements or transcriptional read-through.
Here, we address the question of gene organization with respect to replication. Previous studies have shown that the human genome displays nucleotide compositional strand asymmetries that probably result from asymmetric mutation and repair processes associated with replication and transcription (Green et al. 2003; Touchon et al. 2003 Touchon et al. , 2004 Touchon et al. , 2005 Brodie of Brodie et al. 2005) . Genome-wide analyses of these skews allowed us to predict a large number of putative human replication origins (Brodie of Brodie et al. 2005; Touchon et al. 2005) . These analyses also suggested that genes in the immediate vicinity of these putative origins displayed a characteristic organization, which prompted us to extend this analysis to a larger scale. We devised a new methodology to identify large genome domains bordered by putative replication origins and found that, within these domains, genes are highly ordered according to their breadth of expres-sion, orientation, and position. The data allowed us to propose a model suggesting that replication and transcription are essential and coordinated determinants of gene organization, leading to a new vision of the human genome architecture.
Results
In order to predict putative replication origins, in previous studies we explored the large-scale behavior of nucleotide strand compositional asymmetries defined as the skew S = (G ‫מ‬ C)/ (G + C) + (T ‫מ‬ A)/(T + A) (i.e., the relative excess of G over C and T over A) Touchon et al. 2005 ). Among the well-known, experimentally determined human replication origins (very few due to experimental difficulties), most (six of nine) are associated with a specific property of the skew S: as it crosses a replication origin, the sign of S changes abruptly, producing a sharp upward transition of the S profile. This property allowed us to identify ∼1000 putative replication origins in the human genome. Remarkably, successive transitions are connected to each other by DNA segments in which the S values decrease in the 5Ј to 3Ј direction, thereby displaying a characteristic serrated pattern reminiscent of factory roofs (Fig. 1A) . We propose as a working model that this N-like shape results from the superimposition of two patterns. One decreases steadily in the 5Ј to 3Ј direction and would be attributable to replication initiating at two fixed adjacent origins (associated with two upward transitions) and terminating during the successive germline cell divisions at various positions randomly dispersed between these origins (Fig. 1B,C) . The other pattern would result from transcription-associated strand asymmetries that generate step-like blocks corresponding to (+) and ‫)מ(‬ genes (Touchon et al. 2003 (Touchon et al. , 2004 (Fig. 1D) . When the two profiles are superimposed, this leads to the factory-roof pattern (Fig. 1E) . We define as an "N-domain" any DNA segment for which the S profile displays the characteristic factory-roof pattern. This model implies that no other fixed replication origin active in germ-line cells can be located within the N-domains (since any additional origin would disrupt the N-shape of the domains). We set out to detect these domains in the human genome and to study gene organization within these domains. (Vassilev and Johnson 1990) (red arrow) . S is computed in 1-kbp adjacent windows of masked sequences; (red) + genes (coding strand identical to the Watson strand); (blue) ‫מ‬ genes (opposite direction); (black) intergenic regions (the color of each point is defined by the majority rule). In abscissa, the position on the sequence; in ordinate, the skew, S, in percent. (Red vertical lines) Putative replication origins associated with upward transitions of the S profile. (B-E) Working model of the factory-roof pattern of the S profile. We propose that this pattern results from the superimposition, in germ-line cells, of strand asymmetries associated with replication and transcription. (B) Model of the replication-associated skew profiles corresponding to two fixed putative adjacent replication origins, Ori1 and Ori2, and to a replication termination site (Ter) occurring with equal probability between Ori1 and Ori2 (adapted from Touchon et al. 2005) . Upward or downward jumps of the S profile correspond to the origin and termination positions, respectively. 
Detecting the N-domains
To extract the N-domains from the noisy S profile of the genome, we developed an adapted wavelet-based multiscale methodology to identify segments of variable length and position displaying a factory-roof pattern (Methods; Supplemental Figs. S1, S2). According to the model, the selection involves (1) searching for segments that decrease between two large upward jumps, and (2) retaining those containing both intergenic regions with a linearly decreasing S profile (possibly induced by replication) and genes associated with step-like blocks (possibly induced by transcription) superimposed over this linearly decreasing profile. This amounts to disentangling the components of the skew attributed to replication and to transcription (Methods; Supplemental Fig.  S3 ). When applied to the human genome, the method detected 678 N-domains bordered by 1060 putative replication origins. These domains are evenly distributed in most chromosomes, spanning 28.3% of the genome with a mean length L = 1.2 ‫ע‬ 0.6 Mbp ( Fig. 2A ; Methods; Supplemental Fig. S4 ).
During the selection process, a number of candidate structures were examined that were not finally retained as N-domains since they display some departure from symmetry of the skew with respect to the center of the domain. However, these structures, which span approximately another 30% of the genome, can be considered as N-domain-like structures, and do display a type of gene organization reminiscent of that observed in the bona-fide N-domains (described below). In most of the remaining genome regions, two types of S profile were observed. The first type, observed in regions with high gene density, small gene size, and high GC content (Lander et al. 2001 ) displayed a high density of large upward and downward jumps (they span ∼20% of the genome). These complex S profiles hampered the detection of the N-domains. For example, both small domain density and small chromosome coverage were observed in chromosome 19, which contains a high proportion of gene-rich and GC-rich regions (Supplemental Fig. S5c,d ). The second type, observed in gene-poor regions with low GC content did not display large upward jumps, but rather flat patterns, suggesting that replication origins are not fixed. These regions span ∼15% of the genome and correspond to gene deserts (Lander et al. 2001; Ovcharenko et al. 2005 ).
Analysis of the S profile of the N-domains
The mean S profile of the selected N-domains decreases steadily between opposed values to form a jagged pattern with rather symmetrical left (5Ј) and right (3Ј) halves (the mean S values at the 5Ј and 3Ј extremities are 6.8 ‫ע‬ 0.2% and ‫1.7מ‬ ‫ע‬ 0.2%, respectively) (Fig. 2B ). Between these extreme values, the mean S profile decreases fairly linearly ( Fig. 2C) and accordingly, the slope of the domains varies approximately as ‫/1מ‬L (hyperbolic curve in Fig. 2E , orange dots). On average, genes and intergenic regions both display linear S profiles (Fig. 2D ) that parallel the profiles of the corresponding domains (Fig. 2E ). The fact that the S values for gene sequences were larger than those for intergenic sequences (Fig. 2D ) reflects the contribution of transcription. These results strongly support our hypothesis that the skew profile corresponds to the superimposition of replication-and transcription-associated profiles ( Fig. 1C-E) .
To what extent could the specific S profile of the N-domains be expected to result from chance? We first examined the human S profile, looking for structures presenting an inverted factoryroof pattern, i.e., two downward jumps separated by a steadily increasing skew. We adapted our method to detect such structures (the method is the same as that described above apart from the analyzing wavelet; Supplemental Fig. S1b ). When this method was applied to human autosomes, it detected no more than 27 inverted structures (vs. 678 N-domains) spanning only 0.6% of the genome. N-domains therefore very significantly out- Mbp. In abscissa, the region used for analysis extends from the extremity to the center of each domain. In ordinate, the mean skew, S, in percent ‫ע‬ SEM. (C) Mean S profile of the half-domains for L < 0.75 Mbp (red), 0.75 < L < 1.2 Mbp (blue), 1.2 < L < 2 Mbp (purple), and L > 2 Mbp (green). The sequences of the 3Ј halves of the domains are reversecomplemented and analyzed together with the 5Ј halves. (D) Mean skew profile of + genes located in 5Ј half-domains analyzed together with ‫מ‬ genes (reverse-complemented) located in 3Ј halves (red) and intergenic regions (black) (both larger than 400 kbp, and situated in domains with L > 1 Mbp). In abscissa, the distance Ѩ to the 5Ј end of genes or intergenic regions. (E) Mean slope of the domains versus their length L; domains are ranked by L values and grouped by bins of 20 domains; in ordinate, the mean (‫ע‬SEM) of the slopes in percent/megabase pair (orange); the orange hyperbolic curve is obtained by a linear regression fit of ‫/1מ‬slope versus L (Supplemental Fig. S5f ). In red, the genes with a length >400 kbp are ranked by length of their domain, and grouped by constant bins; the mean slope is computed for each bin. The same is true for the intergenic regions (>400 kbp) (black). In abscissa, the mean length of the corresponding domains.
number inverted structures (P < 10 ‫51מ‬ ). Secondly, we looked for N-domains in sequences obtained after shuffling the order of genes and intergenic regions (Methods), and found that they were significantly less frequent than in the native sequences (P < 10
‫51מ‬
). This observation also provides the first indication that the existence of N-domains does indeed reflect some specific gene organization.
Replication timing profile of the N-domains
Using a high-resolution replication timing map of human chromosome 6 (Woodfine et al. 2005) , we determined the timing profile along the corresponding N-domains identified by our method. On average, this profile displays maxima at positions corresponding to the domain extremities, and decreases regularly on both sides, revealing that (1) a significant number of domain extremities correspond to early replicating sequences, (2) they are replicated earlier than their surroundings, and (3) the central region of large N-domains replicate late in the S phase (Fig. 3) . These results provide experimental evidence that at the degree of resolution of the timing map, a number of N-domain extremities correspond to bona-fide replication initiation zones that are active rather early in the S phase.
Gene organization in the N-domains
Gene shuffling experiments revealed an underlying gene organization in the N-domains (see above). In order to decipher this organization, we analyzed the gene patterns. Most putative origins (domain borders) are intergenic (77%) and located near a gene promoter more often than would be expected by chance (Supplemental Fig. S6a,b) . The N-domains contain approximately equal numbers of genes oriented in each direction (1511 + genes and 1507 ‫מ‬ genes). Gene distributions in the 5Ј halves of domains contain more + genes than ‫מ‬ genes, regardless of the total number of genes located in the half-domains (Supplemental Fig. S6c) . Symmetrically, the 3Ј halves contain more ‫מ‬ genes than + genes (Supplemental Fig. S6d) . A total of 32.7% of halfdomains contain one gene, and 50.9% contain more than one gene. For convenience, + genes in the 5Ј halves and ‫מ‬ genes in the 3Ј halves are defined as R+ genes ( Fig. 4A) : their transcription is, in most cases, oriented in the same direction as the putative replication fork progression (genes transcribed in the opposite direction are defined as R‫מ‬ genes). The 678 N-domains contain significantly more R+ genes (2041) than R‫מ‬ genes (977) ( 2 = 375, P < 10
‫51מ‬
, Supplemental Table S2a ). Within 50 kbp of putative replication origins, the mean density of R+ genes is 8.2 times greater than that of R‫מ‬ genes. This asymmetry weakens progressively with the distance from the putative origins, up to ∼250 kbp (Fig. 4b) . A similar asymmetric pattern is observed when the domains containing duplicated genes are eliminated from the analysis, whereas control domains obtained after randomization of domain positions (Methods) present similar R+ and R‫מ‬ gene density distributions (Supplemental Fig. S7a-aЉ) . The mean length of the R+ genes near the putative origins is significantly greater (∼160 kbp) than that of the R‫מ‬ genes (∼50 kbp); however, both tend toward similar values (∼70 kbp) at the center of the domain (Fig. 4C) . A similar pattern is observed after eliminating duplicated genes, whereas, in contrast, the control domains display fairly constant gene length (Supplemental Fig.  S7b-bЉ) . Within 50 kbp of the putative origins, the ratio between the numbers of base pairs transcribed in the R+ and R‫מ‬ directions is 23.7; this ratio falls to ∼1 at the domain centers (Fig. 4D) . A similar pattern is observed after eliminating duplicated genes; 
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this ratio is constant in the control domains (Supplemental Fig.  S7c-cЉ) . This strong transcriptional polarity could be mainly attributable to the preferential R+ orientation of the first gene (closest to the extremity). However, polarity is still observed for halfdomains harboring various gene numbers even after the first gene has been eliminated (Supplemental Fig. S8 ).
Gene expression in the N-domains
We analyzed the breadth of expression, N t (number of tissues in which a gene is expressed), of genes located within the Ndomains. We found that it significantly decreases from the extremities to the center, regardless of whether it is measured by EST, SAGE, or microarray data ( 2 = 29, P = 10 ‫8מ‬ for EST data).
The distribution is symmetrical in the 5Ј and 3Ј half-domains (Fig. 5A,B) . Significantly decreasing mean N t values are also observed after eliminating duplicated genes, whereas they remain constant within the control domains obtained after randomizing the domain positions (Methods; Supplemental Fig. S7d-fЉ) . The distribution of N t values (determined using ESTs) displays a bimodal pattern for the genes located in the domains (Fig. 5C ), with one mode (peak at N t < 5) corresponding to the genes expressed in only a few tissues, and a second mode (a wide bump centered at N t ∼ 15) corresponding to widely expressed genes. It is noteworthy that this distribution is similar to that found for the complete set of human genes (Supplemental Fig. S9d ). Genes located near the putative replication origins tend to be widely expressed (Fig. 5D ), whereas those located far from them are mostly tissue specific (Fig. 5E ). We checked that the decrease in both N t values and gene length L, from the N-domain border to its center (Fig. 4C) , did not reflect a correlation between these factors: no correlation was observed between gene length and expression breadth measured using EST, SAGE, or microarray data (Supplemental Fig. S9a-c) . In addition, no significant correlation was observed between the transcription rate of a gene and its position within an N-domain, whether or not duplicated genes are eliminated from the analysis (data not shown).
Discussion
This study shows that some features of human genome organization can be unraveled by examining the properties of the nucleotide compositional skew. The S profile exhibits a highly significant number of occurrences of so-called N-domains, specific structures consisting of two sharp upward transitions connected by a downward-sloping segment. These large structures are recognizable along all chromosomes. They are unambiguously detected by our methodology in more than one-quarter of the genome. Could these structures be generated solely by transcription? Transcription generates strand asymmetries along gene sequences, leading to step-like blocks in the S profile (Green et al. 2003; Touchon et al. 2003 Touchon et al. , 2004 . Premature termination of RNA polymerase elongation could occur during transcription, leading to S profiles that decrease along the gene sequence. However, it would be unlikely to produce linear downward profiles (termination at random positions would generate exponentially decreasing S profiles). Moreover, this cannot account for the shift from positive to negative S values observed along gene profiles (Supplemental Fig. S4c-f ), since transcription always generates positive S values on the coding strand (and negative ones on the noncoding strand) (Green et al. 2003; Touchon et al. 2003 Touchon et al. , 2004 . Recent studies have revealed the existence of complex networks of unannotated transcripts Kapranov et al. 2005) . Superimposition of sense and antisense transcription could also generate decreasing S profiles, but it is unlikely that these transcripts would display the specific organization required to produce linear profiles that are, moreover, parallel in genes and intergenic regions. In addition, most of these unannotated transcripts are weakly expressed , so that their transcription would not generate significant compositional skew. These data are compliant with our hypothesis that the factoryroof pattern is produced by the superimposition of a jagged profile, resulting from replication, over a crenellated profile resulting from transcription ( Fig. 1B-E) . The replication timing profile of the N-domains shows that, on average, the extremities replicate earlier than the neighboring regions, which is consistent with these regions being true replication origins, active early in the S phase. This profile was established using replication timing data obtained from lymphoblastoid cells (Woodfine et al. 2005) , suggesting that a number of putative replication origins detected by our method (i.e., active in germ-line cells) are also active in these cells in the early S phase. We therefore propose that the putative replication origins detected by our approach are, at least in part, early, wellpositioned replication origins active in most cell types. This proposition is supported by earlier studies of replication timing in various cell types that suggested some conservation of timing between tissues (White et al. 2004) . It is also consistent with previous analyses of the S profile, showing that most wellknown, experimentally determined replication origins coincide with sharp upward transitions of the S profile (Brodie of Touchon et al. 2005) , indicating that these origins, which were all identified in somatic cells, are also likely to be active in germ-line cells. According to our model, replication units would be better described by N-domains, as defined in this study, than by the usual replicons. Indeed, the fixed terminators of the replicons would not be suitable for describing the putative variable termination sites within the N-domains. The length of the N-domains matches the large, ∼1 Mbp-long replicons (Yurov and Liapunova 1977; Berezney et al. 2000) rather than the usually 50-300 kbplong replicons (Edenberg and Huberman 1975) , and is consistent with the large replication units observed in meiotic chromosomes (Callan 1972) . In somatic cells, additional origins may be activated within the N-domains, thus leading to the commonly observed shorter replication units.
We then asked whether these N-domains correspond to a specific gene organization pattern. Most putative replication origins located at domain extremities are intergenic and located close to promoters of widely expressed genes (housekeeping genes) oriented toward the domain center. Gene density, breadth of expression, and transcription polarity all tend to decrease progressively from the extremities of the domain toward its center. In the central region, genes are few in number, tissue specific, and have no preferential orientation (Fig. 6) . We propose that coordination between replication and transcription is the key to this complex architecture. The putative replication origins would mostly be active early in the S phase in most tissues. Their activity could result from particular genomic context involving transcription-factor binding sites and/or from the transcription of their neighboring housekeeping genes. This activity could also be associated with an open chromatin structure, permissive to early replication and gene expression in most tissues (Gilbert et al. 2004; Hurst et al. 2004; Chakalova et al. 2005; Sproul et al. 2005 ). This open conformation could extend along the first gene, possibly promoting the expression of further genes. This effect would progressively weaken with the distance from the putative replication origin, leading to the observed decrease in expression breadth. This model is consistent with a number of data showing that in metazoans, ORC and RNA polymerase II colocalize at transcriptional promoter regions (MacAlpine et al. 2004) , and that replication origins are determined by epigenetic information such as transcription-factor binding sites and/or transcription (Lin et al. 2003; Danis et al. 2004; Ghosh et al. 2004; DePamphilis 2005) . It is also consistent with studies in Drosophila and humans that report correlation between early replication timing and increased probability of expression (Schubeler et al. 2002; MacAlpine et al. 2004; White et al. 2004; Jeon et al. 2005; Woodfine et al. 2005) . The data we report here provide the first demonstration of quantitative relationships in the human genome between gene expression, orientation, and distance from putative replication origins.
Near the putative origins bordering the N-domains, transcription is preferentially oriented in the same direction as replication fork progression. We propose that this co-orientation would reduce head-on collisions between the replication and transcription machineries, which could induce deleterious recombination events either directly or via stalling of the replication fork (Deshpande and Newlon 1996; Takeuchi et al. 2003) . In bacteria, co-orientation of transcription and replication has been observed for essential genes, and has been associated with a reduction in head-on collisions between DNA and RNA polymerases (Rocha and Danchin 2003) . Recent results support the hypothesis that co-orientation bias of replication and transcription in Bacillus subtilis results from deleterious effects on replication caused by head-on transcription (Wang et al. 2007) . It is noteworthy that in human N-domains such co-orientation usually occurs in widely expressed genes located near putative replication origins. Near domain centers, headon collisions may occur in 50% of replication cycles, regardless of the transcription orientation, since there is no preferential orientation of the replication fork progression in these regions. However, in most cell types, there should be few head-on collisions, due to the low density and expression breadth of the corresponding genes. Selective pressure to reduce head-on collisions may thus have contributed to the simultaneous and coordinated organization of gene orientation and expression breadth along the N-domains (Fig. 6) . The data presented here strongly suggest the existence in the human genome of regions bordered by putative early replication origins in which gene position, orientation, and expression breadth present a high level of organization, possibly mediated by the chromatin structure. This allows us to propose a model of gene order that relates transcription and replication as coordinated determinants of genome organization. 
Methods

Sequence and expression data
Sequence and annotation data were retrieved from the Genome Browser of the University of California Santa Cruz (UCSC, hg17). To obtain gene sequences, we used the RefSeq annotation (containing only protein-coding transcripts). When two genes presenting the same orientation overlap, the largest gene was retained. For the detection process of N-domains, sequences masked with REPEATMASKER were retrieved from the UCSC browser to avoid the biases intrinsic to repeated elements. In all other analyses, sequences were not masked. The skew, S, was computed in nonoverlapping, 1-kbp windows. EST, SAGE, and microarray data were provided by M. Sémon and L. Duret (Sémon et al. 2005) . Among the 3018 genes located in the N-domains, EST (Expressed Sequence Tags) data were available for 2514 genes in 50 normal tissues, SAGE (Serial Analysis of Gene Expression) data were available for 2668 genes in 22 normal tissues, and microarray data were available for 1276 genes in 22 normal tissues.
Detection of N-domains using the wavelet transform
Using the wavelet transform (WT) as multi-scale shape detector, we search at every sequence position for segments of variable length presenting a factory-roof skew pattern (space-scale analysis) (Supplemental Section S1). In the first step, we used as the analyzing wavelet the function, ⌶ , constituted by a linearly decreasing segment between two upward jumps (Supplemental Fig.  S1 ), and computed the WT of the strand compositional asymmetry S measured in 1-kbp windows (Supplemental Fig. S2 ). The space-scale locations of significant maximum values in this twodimensional decomposition (red areas in Supplemental Fig. S2b ) indicate the middle position (spatial location, abscissa in Supplemental Fig. S2b ) of candidate N-domains, the size of which is shown by the scale location (ordinate in Supplemental Fig. S2b) . In order to avoid false positives, we then checked that there was indeed a well-defined upward jump at each domain extremity (Supplemental Fig. S2b ). Because the mean value of the analyzing wavelet was zero, the WT decomposition was insensitive to (global) asymmetry offset. Hence, in order to enforce strong compatibility with the working model of replication (Fig. 1B-E) , we retained from the set of candidate domains obtained at the previous step, only those where the two upward jumps corresponded to a transition from a negative S value < ‫%3מ‬ to a positive S value > +3%. In the second step, we disentangled two components of the skew profile possibly associated with replication and transcription. Ignoring transcription bias, the asymmetry profile S R in one N-domain can be expressed as follows:
where position t within the domain has been rescaled between 0 and 1, and ␦ > 0 is the replication bias. If we now take into account the contribution of transcription S T to the bias in a genecontaining domain, the asymmetry profiles can be written as:
where g is the characteristic function for the g th gene (1 when there are t points within the gene, and 0 elsewhere), and c g is its transcriptional bias calculated on the Watson strand (likely to be positive for + genes and negative for ‫מ‬ genes). For each domain identified in the previous step, we used a least-square fitting procedure to estimate the replication bias, ␦, and each value of the gene transcription bias, c g . The resulting 2 value was used to select the domains where the S noisy profile is well described by Equation 2. As illustrated in Supplemental Figure S3 and Supplemental Table S1 for a fragment of human chromosome 6 that contains three adjacent N-domains (Supplemental Fig. S3a) , this method provides a very efficient way of disentangling the steplike component of strand asymmetry associated with transcription (Supplemental Fig. S3b ) from the jagged component associated with replication ( Supplemental Fig. S3c) .
Applying this procedure to the 22 human autosomes, we detected 678 N-domains and predicted 1060 putative origins of replication (in 296 cases, the right origin of a domain is also the left origin of the following domain). Examples of such Ndomains are illustrated in Figure 2A and Supplemental Fig. S4 . The domain length ranges between ∼300 kbp and ∼2.8 Mbp, with an average domain density of 0.22 ‫ע‬ 0.07 domain/Mbp (Supplemental Fig. S5a) . The distribution of the domain GC content (39.8 ‫ע‬ 4.1%) is narrower than that of the whole genome (41.0 ‫ע‬ 5.1%) indicating some degree of under-representation of regions presenting high GC contents (Supplemental Fig. S5b) .
The mean values of several characteristics decrease as the GC content increases: the density of N-domains, the proportion of the chromosome length covered by the domains, and the domain length (Supplemental Fig. S5c-e) .
Randomization of gene order
In order to compare the N-domains detected in human chromosomes to those detected in sequences obtained after randomization of gene order, we randomly permuted genes and intergenic regions without any change in orientation (genes and intergenic regions alternate in the shuffled chromosomes). The process was performed 100 times using chromosome 3 (this chromosome has domain properties representative of those of the whole genome, Supplemental Fig. S5c,d) . The process detected, on average, 12.8 control domains per shuffled chromosome, compared with 56 putative replication domains detected in native chromosome 3. Control domains have a mean length of 1.0 ‫ע‬ 0.5 Mbp, a density of 0.065 ‫ע‬ 0.02 domain/Mbp (to be compared with 0.22 ‫ע‬ 0.07 N-domain/Mbp in native sequences), and correspond to only 6.9% of the shuffled sequences.
Randomization of N-domain positions
In this control test, we studied the gene characteristics in DNA segments chosen at random along the chromosome sequences. These segments are considered as control domains. In each chromosome, the length and number of these control domains are equal to those of the previously detected N-domains in the corresponding chromosome. This operation was repeated 10 times on the 22 autosomes (leading to 6780 control domains).
Detection of duplicated genes
Genes displaying a high level of sequence identity were identified using BLASTP. Two genes were considered duplicates if they presented E-values of <0.2 (Lercher et al. 2002 ) and a number of identical amino acids >30% of the shortest protein length (Li et al. 2001) . This led to the identification of 322 genes displaying a duplicated gene in the same domain, among the 3018 genes contained in all the domains; 94 domains contained at least two duplicated genes.
Statistics
To assess correlations, Pearson's correlation coefficients were computed. To evaluate the statistical significance of the decreasing N t pattern observed along N-domains, we used the following procedure. A linear fit of the N t profile was performed in each half-domain containing more than one gene. The numbers of fits with negative and positive slopes were compared with the corresponding numbers obtained with the control domains (randomization of N-domain positions, see previous section).
The positions of the N-domains and of the inverted Ndomains are available as Supplemental material.
